HARMONIC CASCADE FEL DESIGNSFOR LUX, A FACILTY FOR
ULTRAFAST X-RAY SCIENCE®

J. Corlett, W. Fawlel, G. Penn, W. Wan, and A. Zholents, LBNL, Berkeley, CA 947201-B, USA
M. Reinsch and J Wurtele, Univ. Calif. Berkeley, Berkelepy 4720, USA

Abstract bunch manipulation, x-ray compression, high-brightness
. . high-repetition rate electron sources, and with timing and
LUXis a deS|_g_n_ study to develop co_ncepts for future UI'synchronization systems as fundamental elements. This
trafast x-ray facilities. Presently, LUX is b_ased on an elecpaper follows on previous conference contributions [3][4]
tron beam accelerated t03-GeV energy in a supercon-

. . L : ; which have given details of possible cascade layouts to-
ducting, recirculating linac. Included in the design ard-mu 9 P Y

: _ . ether with expected performance and sensitivity to var-
tiple free-electron laser (FEL) beamlines which use the h b P y

: d ht d h XUV & {ous e-beam and input laser parameters. Here we want
monic cascade approach to produce coheren sofh present some additional work that has been performed
X-ray emission beginning with a strong input seed-200-

lenath obtained f N tonal” | £ Et LBNL on the LUX concept such as an analytic model
nm wavelength obtained from a ‘conventional faser. Each, . 550546 performance, a design for an isochronous bend
cascade module generally operates in the low-gain regi

di d of diator togeth ith dul t%ich would preserve microbunching exiting a modulator
and 1S composed ol a radiator fogether with a moaulatQl gy, , wavelength scales, some results concerning sen-

section, separated by a magnetic ch|cane._ The Ch'cagl‘?ivity to undulator alignment and tilt, and the temporal
temporally delays the electron beam pulse in order thatefi‘/olution of a short input pulse

"virgin” pulse region (with undegraded energy spread) be
brought into synchronism with the radiation pulse. For a

given cascade, the output photon energy can be selectéd NALYTICAL RESULTS FOR CASCADE

over a wide range by varying the seed laser wavelength and PERFORMANCE

the field strength in the undulators. We present numerical

simulation results, as well as those from analytical mod- An analytic theory for seeded beams (please see [5] for
els, to examine certain aspects of the predicted FEL pehuch greater detail) has been developed which allows for
formance. We also discuss lattice considerations pettineifie rapid numerical evaluation and optimization power out-
to harmonic cascade FELs, somesensitivity studies and feut in low gain harmonic cascades. A kegsatz of the

quirements on the undulator alignment, and temporal pulggeory holds that the “preferred” output mode from the ra-
evolution initiated by short input radiation seeds. diator is that which maximizes the output power for a given

set of undulator and modulated electron beam parameters.
For the first stage, when seeded by a radially-large external
laser, the theory predicts that the optimal power output,

the radiator scales at wavelengtlas

INTRODUCTION

In the past decade, there has been an increasingly strJﬁ?;m
interest in developing intense sources of tunable, coleren
radiation at extreme ultraviolet and soft x-ray wavelesgth
While much of this effort has been concentrated upoﬁj ~ 41220 PNy ([Jo(¢) = J1(Q))? Jﬁ(j;hl)

SASE-based FEL's, there is an alternative “harmonic cas- o ((Jn 10~ Ben/v\ "

cade” FEL approach [1][2] which begins with a temporally x F, (m) ( +4 i /\/M) 1)
and transversely coherent input signal from a “conven-

tional” laser in the ultraviolet regiore@. A;, ~ 240 nm). Here, Z, = 3779, I andey are the beam current

This inputis then effectively frequency-upshifted viages and normalized emittance, respectively; is the number
nant electron-radiation interaction in a series of FEL unduyf radiator undulator periods; is the harmonic number,
lators to produce a short wavelengtig( A; ~1 nm) final = a /2(1 + a2), j, | is the first zero of the deriva-
signal with excellent transverse and temporal coherence.tjye of J, Avyr is the energy modulation produced by
LUX is a design study underway at LBNL to developthe upstream modulator, and the functisndepends on
concepts for future ultrafast x-ray facilities with emphathe energy distribution and decreases with increasing ar-
sis on parameters complementary to SASE-based projecisiment. At this optimum, the Rayleigh length will be
Concepts have been developed for an integrated system ~ 0.15L + 2x02/), wherel is the radiator length
of ultrafast x-ray techniques and lasers, using laseresedando. is the electron beam size. Quantitative comparison
harmonic cascade FELs, rf- and laser-based electrogf the analytic theory predictions (as evaluated via a Math-
“Work supportedin part by the Office of Science, U.S. Dept. iy ematica script) with numerical S|m0ulat|0ns with the GEN-
under Contract DE-AC03-76SF0098 ESIS code show agreement of 20% or better for LUX cas-
t WMFawley@Ibl.gov cade parameters. Consequently, we believe that the above




ol ol ol it consists of 4 identical FODO cells with 90 degree phase
pnimiiann i Tl Ean o advance in both planes. To the first order, time-of-flight
TR depends on momentum only{s # 0). If 2 families of

B ABS D
sextupoles are added to correct chromaticity, to the second
T | order, the time-of-flight depends on momentum ol
o \ / # 0). To maintain bunch structure at the 1 nm level, both
‘ Rse¢ andTsg6 have to be under control, which means that
one extra knob each on the first and second order optics.
It is certain that at 2.5 GeV, the knob to adjlsts has to
“ be a sextupole. Yet there are at least two options to cancel
. and adjusiRss. To cancelRss, or to makeRss very small,
/
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which is the case here, either negative dispersion has to be
L 1 oon created or reverse bends must be used. Generally speaking,
sime = 0 ) using reverse bends requires weaker quadrupoles. It was

Table name = TWISS

found that third order aberrations are too large if negative
) ) ) dispersion is used to cancéks. To adjustizss, one op-
Figure 1: Plots of the bend lattice functions tion is to use an additional family of quads; this was not
adopted due to the concern of the cost and the length of the

) ) ) beamline. Instead, the scheme used here is the redistribu-
mentioned ansatz has been confirmed, at least in the LUy, of bending (keeping the total bending angle fixed). As

operational regime. a result, the bending section consists of 4 identical cells.
Each cell contains 2 dipole, 2 quadrupole and 3 sextupole
BEND SECTION DESIGN magnets. The total bending angle of the beamline is 5 de-

i _ Ggrees. It turns out that, at sub-micron level, adjustihg
The present design of LUX ([3, 6, 7, 8]) has includedjyes not affect focusing, making it an independent knob.

the option of bending the electron beam immediately folrg shorten the length further, two families of sextupoles
lowing the exit of each modulator. The purpose here wage placed inside the quads. The spacing between magnets
to allow easy access to the radiation beam for experimefx 10 c¢m except that, after each quad, an extra 10 cm is
talists. However, various colleagues have raised the isspgerved for BPM and correct/skew quad coils. The key

as to whether it is possible to design a bend which wouldyrameters of all main magnets are listed in Table 1 and
retain the microbunching (and especially that at the highekq |attice functions are shown in Fig. 1.

harmonic wanted for good radiator output) without undue

. . : .~ _Preliminary tracking study for the last sectiox= nm
degradation. In the past year we have examined in deta|lha y 9 y ) :
. . ) . as been done to evaluate the performance of the beamline.
bending section design to satisfy these concerns.

The initial distribution of electrons was taken directlgifn
aGINGER [12] FEL simulation of the LUX harmonic cas-

-E?é%ed B0 Leng;g (cm)| Field ?tzlg%n (kG) cade through to the end of the 4-nm modulator. The energy
- of the electron beam was 2.5 GeV, the normalized trans-
Bend (B2) 30 -6.6243 verse emittance (round beam) is Bim-mrad and the peak
Quad (QF) 60 -2.5513 to peak energy modulation is 5 MeV. First, the effect of
Quad (QD) 60 2.5423 the remaining aberrations beyond the second order is ex-
Sextupole (S1 60 0.7297 amined, with fringe field included. The result is that there
Sextupole (S2 60 1.5768 is no net change in the bunch length.
Sextupole (S3 30 -3.6514 The effect of errors is simulated through a computer-

generated random Gaussian distribution. Up to now, only
Table 1: List of magnets (trims not included), along withstatic errors have been included, which are the setting er-
their lengths and strengths rors of the dipoles, quadrupoles and sextupoles, the sex-

tupole component in dipoles and quadrupoles, tilt and mis-

First of all, the microbunching length scale of 1 nm isalignment of quadrupoles and sextupoles. In order to en-

at least an order of magnitude shorter than that examinadre success in operation, dipole, quadrupole (normal and
in any previous study ([9, 10]). There is no doubt that alkkew) and sextupole correctors are included in the design.
second order aberrations in time-of-flight will need to bérim coils are envisioned in each quad and two families of
corrected. It remains to be seen whether higher order abaextupoles that are inside the quads. A 10-cm slot down-
rations are small enough to be effectively ignored. One eftream of each quad is reserved for a BPM and a set of
ficient way of achieving this goal is to take full advantagelipole corrector/skew quad coils. The currents of the main
of the four cell achromat first systematically studied andipoles are used to restoigs to the optimal value. Specif-
applied in realistic design by K. Brown ([11]). The basicically, there are 8 horizontal dipole correctors and 8 caiti
result of that work was that a beamline is an achromat iforrectors, all of which are individually powered. The trim



1.2e+08
guads, skew quads and trim sextupole are grouped into 2

families. In one family, the elements are powered sym-  1e+08 | am
metrically about the midpoint of the beamline and, in the ' Lnm=10 =
other family, they are powered anti-symmetrically. The two_
currents of the main dipoles are grouped into one famil)é
keeping the difference fixed, hence the total bending ar%
gle unchanged. The conclusion is that, with typical errors  se+07 |
in accelerators, bunch compression can be restored when
trim quads, skew quads, and trim sextupoles are turned on  2e+07 |
and the dipole correctors are off. Without orbit correction ‘ IR
both trim and skew quads must be energized to maintain °“% 10 o 10 2 3 a0 s
the short bunches. On the other hand, practical implemen- Time (fs)
tation remains an outstanding issue. A practical scheme figy e 2: Predicted?(t) profiles at different stages for a
yet to be developed to tune up the beamline and maintajfiyx cascade initiated with a Gaussian profile pulse with
stable operating conditions over time. a 5-fs RMS duration. Each curve has been scaled by the
indicated factor to fit on the plot.
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UNDULATOR MISALIGNMENT
SENSITIVITY put power was increased to 2.5 GW from the nominal time-

steady value of 1.0 GW. Figure 2 shows the temporal out-

We have conducted a survey study of the sensitivity giut power profiles from each radiator stage. The FWHM
radiator output to undulator misalignments and tilts usintemporal duration first increases #el5 fs atA=48 nm,
the GENESIS [13] simulation code. For wavelengths aspresumably because;;, =24 fs, but then shrinks back to
short at 1 nm, offsets of up to 10 microns do not lowern nearly constart11 fs in the next 3 stages, in strong con-
the output power by more than 15%. For 20-micron offtrast to the scaling observed in [14]. Since the slippage is
sets, at 2- and 1-nm wavelengths the power drops by 25R4ss than 3 fs in the 4- and 1-nm stages, the lack of addi-
and 40%, respectively. Offsets of 40 mcirons essentiallffonal pulse shrinkage must be due the design features of a
eliminate the power at the shortest wavelengths and redulmsv gain, high power configuration. Some noise modula-
it by 40% at 10-nm. Simple angular tilts of up tquPad tion appears on the 1-nm outplitt) but the pulse remains
do not appreciably reduce the output whereas there isn@arly completely temporally coherent.
~40% loss for a 4+rad tilt; increasing the tilt to grad
essentially turns off the device at wavelengths 2.0-nm and REFERENCES
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Some user applications may require output radiatio
pulse durations much shorter than the nomisab00 fs



